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Rats: functional aspects
The rat model has been the basis for recent developments in the ®eld of the physiology of penile erection as well as of pathophysiology and pharmacology.
The anatomy of the rat penis, its vascularization and peripheral neural supply, including efferent and afferent nerves, have been extensively described. 1 The ®rst and perhaps most important technique for the study of penile erection is electrical stimulation of peripheral nerves in anesthetized rats. Under these experimental conditions, penile erection is measured by recording the changes in intracavernous pressure in response to electrical stimulation of the cavernous or pelvic nerves. Electrical stimulation of the dorsal nerve of the penis in acutely spinalized rats represents a model of re¯exive erection elicited by peripheral stimulation. Spinalization has led to the discovery that spinal sexual re¯exes are under tonic inhibitory control from supraspinal sites.
The ability to place electrodes in de®ned brain regions using stereotaxic coordinates has been used to study the CNS control of penile erection. In anesthetized rats, erection has been elicited by stimulation of the medial preoptic area and the paraventricular nucleus of the hypothalamus, and of the hippocampus. In a complementary method using neural lesions, the sexual effects of the destruction of brain sites under anesthesia have been studied. After several days of recovery, the animals are tested in behavioral situations.
Behavioral studies have described erections in natural contexts. A commonly used unanesthetized rat model of erection is the ex copula erection test. The rat is restrained in a supine position and the penile sheath is retracted. This method has the advantage of not involving social interaction with the female and allows direct examination of erectile responses. A promising behavioral model is the noncontact or`psychogenic' erection model. Male rats develop penile erections in response to the presence of estrous females. Volatile odors from the estrous females have been shown to be a necessary and suf®cient stimulus for this response. In conscious freely moving rats, several pharmacological agents, possibly acting at different brain nuclei, elicit penile erection when delivered subcutaneously. The effects of apomorphine have been extensively studied.
Telemetric recording of intracavernous and intraspongiosus pressure during various behavioral tests including copulation has been reported. Telemetric recording of penile pressure has also been used to identify the presence of erections during paradoxical sleep in the rat, the ®rst such demonstration in nonhuman animals.
Many rat models have also been developed to mimic erectile dysfunction (ED) caused by various pathological conditions including diabetes, aging, renal failure, hypogonadism, arteriopathy, spinal cord injury, cavernous nerve lesions, and pelvic radiotherapy.
For pharmacological studies, anesthetized and conscious rats are also available for subcutaneous, oral including sublingual, intraduodenal, intraarterial, intravenous, intraperitoneal, intracavernosal, intrathecal, intracerebral including intracerebroventricular or within brain nuclei delivery of compounds.
In conclusion, a wide variety of rat models for the study of penile erection is available. Not surprisingly, each experimental model has its own strengths and drawbacks.
Mice: genetic aspects
Due to advances in molecular biology, genetically engineered mice have now become available. Although the ultimate goal of these models is to develop gene therapy to rectify aberrant gene activity, transgenic or knock-out mice have recently contributed to our understanding of the physiological mechanisms implicated in erectile function as well as the various pathophysiological processes occurring during ED.
NOS knock-out models
The breeding activity of mice lacking nNOS is super®cially normal. If nNOS were fully responsible for penile erection, one might expect male mice to be impotent unless compensatory mechanisms occur. In fact, nNOS 7 mice show normal mating behavior and respond with full erection to electrical stimulation of the cavernous nerve, 2 although these mice display an increase in aggressive behavior. 3 Surprisingly, isolated corporal tissue from both wild and nNOS-deleted mice showed similar responses to electrical stimulation. 2 The preservation of NOdependent penile erection in nNOS 7a7 animals suggests the involvement of eNOS as an essential component for erection, not only in nNOS-deleted, but also in normal mice. Presumably, the augmented eNOS activity in the nNOS 7 animals could also represent a compensatory mechanism. Bloch et al demonstrated the importance of eNOS expressed in cavernosal smooth muscle and suggested that eNOS could be a main source of NO along with nNOS. 4 However, it was shown that mice carrying a mutation in the nNOS gene are still able to express alternatively spliced mRNA of nNOS, which could be the source of NO in nNOS mutant mice. 5, 6 Furthermore, eNOS 7a7 mice do not display any abnormalities in sexual motivation or performance and are still capable of achieving ejaculation, even if the latter is abnormal (decrease in the amount of stimulation required to elicit ejaculation). 7 Considered together, these results suggest several possibilities:
(1) nNOS and eNOS normally work in conjunction to regulate penile erection, and either isoform of the enzyme is suf®cient to modulate erectile function. (2) nNOS normally modulates penile erection, but eNOS is capable of supporting erectile capability when nNOS is not present.
In any case, since NO is produced, and the guanylylacGMPacGKI pathway is apparently intact in the corpus cavernosum of these animals, they are not suitable for testing whether or not the NOacGMP pathway is a prerequisite for normal penile erection.
cGMP-dependent protein kinase knock-out models
Along the NOacGMP.cGK pathway, two different cGMP-dependent protein kinases (cGKI and cGKII) have been identi®ed and implicated in the relaxation of smooth muscle. 8 cGKI-de®cient mice show a very low ability to reproduce, although their sexual behavior is not altered. Corporal tissue from these mice has an inability or markedly reduced ability to relax in response to endogenous neural or endothelial, or exogenous NO, thus leading to ED. These results indicate that cGKI is a key step in the cGMP signaling cascade leading to penile erection. Its absence cannot be compensated by the cAMP signaling cascade. 9 Heme oxygenase knock-out models
Heme oxygenase 2 (HO 2), localized in neuronal structures regulating copulatory re¯exes, synthesizes carbon monoxide (CO), also implicated in autonomic neurotransmission via cGMP, in conjunction with NO. Immunohistochemical staining reveals its presence in the major pelvic ganglion and its nerve distributions to the penis, urethra, bladder neck, vas deferens and prostate, and to pudendal nerve branches in the penis and urethra, as well as to vascular endothelium and epithelium within genitourinary structures. 10, 11 Behavioral experiments reveal a reduction in intromission and mounting and an absence of ejaculation in HO 2 7a7 animals. These abnormalities probably do not re¯ect a defect in erection, since induced erection by nerve stimulation appears to be normal in these animals. The overall sensorimotor behavior of these animals is not notably impaired (in terms of anxiety, aggressiveness, olfactory ability, motor coordination, motor strength and visual acuity), nor are the serum testosterone levels; thus these parameters are unlikely to account for this de®-ciency. However, the re¯ex activity of the bulbospongiosus muscle, which mediates ejaculation and ejaculatory behavior, is markedly diminished in mice with targeted deletion of the gene for HO 2. 11
Conclusion
Nowadays there are rodent models for examining every aspect of penile erection from higher neural control down to molecular events in the erectile tissue.
